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Although most inbred mouse strains are highly susceptible to mouse hepatitis virus (MHV) infection, the inbred
SJL line of mice is highly resistant to its infection. The principal receptor for MHV is murine CEACAM1
(mCEACAM1). Susceptible strains of mice are homozygous for the 1a allele of mCeacam1, while SJL mice are
homozygous for the 1b allele. mCEACAM1a (1a) has a 10- to 100-fold-higher receptor activity than does
mCEACAM1b (1b). To explore the hypothesis that MHV susceptibility is due to the different MHV receptor
activities of 1a and 1b, we established a chimeric C57BL/6 mouse (cB61ba) in which a part of the N-terminal
immunoglobulin (Ig)-like domain of the mCeacam1a (1a) gene, which is responsible for MHV receptor function, is
replaced by the corresponding region of mCeacam1b (1b). We compared the MHV susceptibility of these chimeric
mice to that of SJL and B6 mice. B6 mice that are homozygous for 1a are highly susceptible to MHV-A59 infection,
with a 50% lethal dose (LD50) of 102.5 PFU, while chimeric cB61ba mice and SJL mice homozygous for 1ba and 1b,
respectively, survived following inoculation with 105 PFU. Unexpectedly, cB61ba mice were more resistant to
MHV-A59 infection than SJL mice as measured by virus replication in target organs, including liver and brain. No
infectious virus or viral RNA was detected in the organs of cB61ba mice, while viral RNA and infectious virus were
detected in target organs of SJL mice. Furthermore, SJL mice produced antiviral antibodies after MHV-A59
inoculation with 105 PFU, but cB61ba mice did not. Thus, cB61ba mice are apparently completely resistant to
MHV-A59 infection, while SJL mice permit low levels of MHV-A59 virus replication during self-limited, asymp-
tomatic infection. When expressed on cultured BHK cells, the mCEACAM1b and mCEACAM1ba proteins had
similar levels of MHV-A59 receptor activity. These results strongly support the hypothesis that although alleles of
mCEACAM1 are the principal determinants of mouse susceptibility to MHV-A59, other as-yet-unidentified murine
genes may also play a role in susceptibility to MHV.

Differences in susceptibility to a number of viral infections have
been documented among inbred mouse strains (20). These dif-
ferences have been studied as models for the various degrees of
susceptibility of individual humans to some viral infections. Nu-
merous host factors have been found to be involved in such
differences (2, 15). For example, allelic variations in the virus
receptor and coreceptor for HIV-1 are important host factors
influencing susceptibility to HIV-1 infection (36).

A virus receptor is a molecule with which the virus interacts
at an initial step of infection. Therefore, receptors are crucial
host determinants of virus susceptibility (15, 16). A variety of
receptor proteins has been identified for many different vi-
ruses, including the murine coronavirus mouse hepatitis virus
(MHV) (12, 50). The principal receptor for MHV is murine

carcinoembryonic antigen-related cell adhesion molecule 1
(mCEACAM1; previously called Bgp or MHVR [3]), which is
in the immunoglobulin (Ig) superfamily (12, 50). Four isoforms
of mCEACAM1a (1a) are expressed on the plasma mem-
branes of a variety of murine cells and tissues (14). The two
mCEACAM1 isoforms with a molecular mass of 100 to 120
kDa are composed of four Ig-like ectodomains, a transmem-
brane (TM) domain, and either a long or a short cytoplasmic
tail (Cy) (3, 22). Two other isoforms consist of two Ig-like
domains, with either long or short Cy (3, 22). The N-terminal
(N) domain is responsible for virus binding (10, 24), the induc-
tion of conformational changes in the viral spike protein (S),
and membrane fusion during virus entry and syncytium forma-
tion (13, 24). The replacement of the N-terminal domain of
mCEACAM1a with that of the murine homolog of the polio-
virus receptor (PVR) yields a functional receptor for MHV
(10), and Ceacam1a-knockout mice are completely resistant to
infection with the hepatotropic A59 strain of MHV (17, 25).

Wild mice have two alleles of the mCeacam1 gene, called
mCeacam1a and mCeacam1b. Inbred mouse strains that are
homozygous for mCeacam1a, including BALB/c, C57BL/6
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(B6), C3H, and A/J mice, etc., are highly susceptible to in-
fection with strains of MHV. In contrast, the SJL line of
inbred mice, which is resistant to death from MHV infec-
tion, is homozygous for the mCeacam1b allele (5, 11, 50).
The most extensive differences in amino acid sequence be-
tween mCEACAM1a and mCEACAM1b are found in the
N-terminal domain, where the virus-binding region is lo-
cated (21, 22, 32). It was initially reported by Boyle et al.
that mCEACAM1a proteins had MHV-A59 virus-binding
activity in a virus overlay protein blot, while mCEACAM1b
did not (5). Those authors speculated that the different viral
affinities of these mCEACAM1 proteins may account for the
various MHV-A59 susceptibilities of BALB/c mice com-
pared to those of SJL mice (49). However, Yokomori and
Lai (53) and Dveksler et al. (11) previously showed that
when recombinant CEACAM1a and CEACAM1b proteins
are expressed at high levels on cultured cells, both proteins
have MHV-A59 receptor activity. Yokomori and Lai sug-
gested that the difference in MHV susceptibility between
BALB/c and SJL mice does not depend solely upon the
interaction of the virus with mCEACAM1 proteins (52, 53).
Dveksler et al. suggested that small differences in MHV-A59
receptor activity between mCEACAM1a and mCEACAM1b
could result in very large biological differences during mul-
tiple cycles of infection in in vivo infection (11). We then
quantitatively showed that recombinant mCEACAM1a ex-
pressed in BHK cells has 10- to 30-times-higher MHV-
binding activity than mCEACAM1b (31). Similar results
were observed in other laboratories (7, 32). Because the
mCeacam1 gene is located on chromosome 7 (34) and the
gene controlling MHV-A59 susceptibility and the resistance
of BALB/c mice versus SJL mice is also located on chromo-
some 7 close to the mCeacam1 gene (40), we speculated that
the mCeacam1 gene is identical to the gene that determines
the susceptibility and/or resistance of mice to MHV-A59
and MHV-JHM infection.

To examine the above-described hypothesis, we used prog-
eny mice produced by crossing BALB/c and SJL mice. F2 mice
and F1 mice backcrossed to SJL mice were examined for the
mCeacam1 genotype and for MHV-JHM susceptibility (30).
Mice homozygous for mCeacam1a (1a/1a) and heterozygous
mice (1a/1b) were susceptible to lethal MHV-JHM infection,
while mice homozygous for mCeacam1b (1b/1b) were not
killed by inoculation with MHV-JHM. These data are consis-
tent with the hypothesis that the susceptibility of mice to MHV
is determined by the mCeacam1a allele (30). However, this
classical genetic analysis could not prove that mCeacam1 alone
determines the susceptibility or resistance of mice to MHV-
JHM infection, because this methodology cannot rule out the
possibility that a different unknown host gene located close to
mCeacam1 on chromosome 7 could also affect MHV-JHM
susceptibility. Therefore, we used gene replacement in B6
embryonic stem (ES) cells to create a mouse strain in which the
exon encoding the N-terminal part of the N-terminal Ig do-
main of mCeacam1a was replaced with the corresponding re-
gion of mCeacam1b from SLJ mice. We bred the chimeric
mCeacam1 gene on the B6 background (called B6 chimeric
mCeacam1ba, or cB61ba). We compared these mice, wild-type
B6 mice, and SJL mice for their susceptibilities to MHV-A59
infection. We confirmed that the expression of mCEACAM1a

makes mice susceptible to lethal infection with MHV-A59.
However, surprisingly, we found that cB61ba mice were pro-
foundly resistant to MHV-A59 infection, while the virus could
replicate at low levels in SJL mice in a self-limited, unapparent
infection. Our results suggest that one or more as-yet-uniden-
tified murine genes may also contribute to murine susceptibil-
ity and/or resistance to MHV-A59 infection.

MATERIALS AND METHODS

Generation of the targeting vector. To generate chimeric mCeacam1ba mice,
a fragment of DNA encoding amino acids (aa) 1 to 70 of the �107-aa-long
N-terminal domain of mCeacam1a was replaced by homologous recombination
with the corresponding fragment of mCeacam1b from SJL mice (Fig. 1Aa) (11,
48). The DNA fragment corresponding to the sequence from the promoter of
mCeacam1a to just upstream of the N domain, from �917 bp upstream to
nucleotide (nt) 84 in the 1a open reading frame (ORF), was amplified from a
wild-type B6 genomic clone by using primers 84R and 5�F, which has an addi-
tional KpnI site on its 5� end. The second DNA fragment containing the N
domain, nt 65 to 417 in the 1b ORF (encoding amino acids 22 to 139), was
amplified from a plasmid clone of 1b from SJL mice by using primers 65F and
5�R with a BamHI site. By using these two fragments and primers 5�F and 5�R,
we further amplified the DNA fragment containing the promoter of 1a (28) and
encoding aa 1 to 70 in the N domain of 1b, which includes the virus-binding
region in 1a (28, 48). This fragment was digested with KpnI and BamHI to isolate
cDNA that encodes the chimeric N domain and then inserted into the KpnI and
BamHI sites of pBluescript (Stratagene, TX). The DNA fragment encoding
amino acid 70 to exon 5 of mCeacam1a was digested with BamHI from a
C57BL/6 genomic clone and then inserted into the BamHI site of the plasmid
described above, containing the chimeric N domain of mCeacam1ba. To insert
the neomycin (neo) selection cassette with loxP sequences on both the 5� and 3�
ends into the targeting vector, a neo selection cassette was digested with XhoI
and KpnI from pPNT (46) (kindly provided by R. C. Mulligan, Harvard Univer-
sity) and then cloned into the EcoRV site of pBS246 (Gibco BRL, CA) to place
the cassette between two loxP sequences. This loxP-neo-loxP cassette was cloned
into the XhoI site in intron 2 of the chimeric mCeacam1ba fragment. The
resulting targeting vector was digested with NotI to linearize it for ES cell
injection. Primers used in the present study are shown in Table 1.

Generation of homozygous chimeric B6 mCeacam1ba mice. The targeting
vector was injected into the B6 ES cell line MS12 (19), and cell clones resistant
to G418 were selected. Homologous recombination in G418-resistant MS12 ES
cell clones was confirmed by Southern blot analysis as follows (3, 17). First, 5 �g
of genomic DNA isolated from ES cells was digested with EcoRI, and fragments
were separated on 0.75% agarose gels. The DNA fragments were transferred
onto a positively charged nylon membrane (GE Healthcare, Buckinghamshire,
England) and hybridized with a probe located in the fifth intron (Fig. 1). The
DNA probe was generated by PCR from a B6 genomic clone by using primers
5intF and 5intR (Table 1) and labeled with [�-32P]CTP by using a Megaprime kit
(GE Healthcare). The selected clones were injected into BALB/c blastocysts, and
the blastocysts were implanted into the uteri of ICR (CD1) mice. Chimeric mice
born to the implanted mice were mated with wild-type B6 mice homozygous for
1a, and mice heterozygous for 1a and chimeric mCeacam1baneo were obtained.
The heterozygous mice were crossed to generate mice homozygous for chi-
meric mCeacam1baneo. To remove the loxP-neo-loxP cassette in intron 2,
these mice were crossed with B6.FVB-TgN(EIIa-Cre)C5379Lmgd mice,
which express Cre recombinase (37). Because the original strain of B6.FVB-
TgN(EIIa-Cre)C5379Lmgd mice was established in the FVB/N background,
we backcrossed them with B6 mice for more than 11 generations to ensure
that the chimeric mCecacam1ba gene was in the B6 genetic background (37).
The resultant mice, heterozygous for 1a and chimeric 1ba, were then crossed
to obtain mice homozygous for the chimeric 1ba genotype. Littermates from
this mating that were found to be homozygous for 1a were used as controls
(B6) for the genotyping of homozygous chimeric mCeacam1ba mice.

Genotyping of progeny mice. Genotyping of each progeny mouse was per-
formed on genomic DNA prepared from the tail according to standard proce-
dures (23). DNA targeting the replaced region by using primers 104F and 431R
(fragment a) (Fig. 1Ab) was amplified by PCR and then digested with 1a-specific
ApoI or with HaeIII, which is on 1b as well as the chimeric 1ba. To confirm that
the replacement was inserted correctly, we performed PCR to detect the 5�-and
3�-flanking sequences of the replaced allele. To detect the 5�-flanking region, we
used primer pair 239R and �997F, which is located upstream of primer 5�F
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FIG. 1. Replacement in the mCeacam1a gene of B6 mice with the portion of exon 2 that encodes amino acids 1 to 70 of domain 1 of
mCeacam1b of SJL mice. (A) (a) Comparison of the amino acid sequences of the N-terminal domains of the mCEACAM1a, mCEACAM1b, and
chimeric mCEACAM1ba proteins of engineered cB61ba mice. For 1b and chimeric 1ba, only amino acids that differ from 1a are shown. Data are
from data reported under GenBank accession no. M77196 (CEACAM1a) and M96934 (CEACAM1b). (b) The mCeacam1a gene is composed of
nine exons (numbered boxes) preceded by the mCeacam1 promoter (28). Exon 1 consists of the 5� untranslated region (5�UT), an initiator ATG
codon, and the 5� half of the leader (L) sequence. Exon 2 encompasses the 3� half of L and the first Ig domain, the N-terminal (N) domain (D1),
which has MHV-binding activity (28, 48). Exons 3, 4, and 5 encode three constant-type Ig domains (D2, D3, and D4, respectively). Exon 6 encodes
the transmembrane (TM) domain and a part of the cytoplasmic tail (Cy). The rest of Cy is encoded in exons 7, 8, and 9, and alternative splicing
generates long and short Cy tails. The 3� end of the substituted region in mCeacam1a is at a BamHI site that encodes amino acids 1 to 70. The
remainder of the chimeric mCeacam1ba gene is identical to mCeacam1a. The targeting construct that leads to recombination events in ES cells
has the loxP-neo-loxP selection cassette (arrow and two large arrowheads) inserted into the unique XhoI site in intron 2 (targeting construct). The
replaced allele contains a chimeric exon 2 that encodes a chimeric N-terminal domain (D1) consisting of amino acids 1 to 70 of mCeacam1b (gray
box) and amino acids 71 to 107 of D1 and the remainder of mCeacam1a (white box) that was replaced by homologous recombination (recombinant
and Cre-treated alleles). (B) Southern blot analysis of genomic DNAs from recombinant ES cell clones. By using a probe (black box), indicated
in A, we replaced 9.2-kb and detected 11.5-kb wild-type EcoRI fragments in DNA isolated from ES cells. (C) Genotyping of mice using PCR and
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(fragment b) (Fig. 1Ab). To detect the 3� crossover region of the replaced
chimeric mCeacam1ba allele, we performed nested PCR with two sets of prim-
ers, BS1F and 2204R for first-round PCR and BS2F and 2134R for subsequent
rounds of PCR (fragment c) (Fig. 1Ab). To confirm that the loxP-neo-loxP
cassette was removed, PCR was performed to detect the fragments of the neo
gene and the loxP-neo-loxP cassette by using two sets of primers, neoF and neoR
and 104F and 579R, respectively (fragments d and e) (Fig. 1Ab).

Real-time PCR analysis for mCeacam1 mRNA. To determine the levels of
mRNA specific for 1a and 1b in tissues from 6- to 8-week-old male B6, SJL,
and cB61ba mice, total RNA was extracted by using Isogen (Nippon Gene,
Tokyo, Japan) according to the manufacturer’s instructions. cDNAs were
synthesized from these RNAs by using Moloney murine leukemia virus (M-
MLV) reverse transcriptase (Takara Bio, Shiga, Japan) and an oligo(dT)
primer (Invitrogen, CA) according to the manufacturers’ instructions. A
series of reactions was performed by using LightCycler 480 Probes Master
(Roche Diagnostics, Mannheim, Germany). To quantitate both 1a and 1b
mRNAs, the target sequence conserved in both alleles at exon 3 of mCeacam1
was amplified with primers mCeacam1ab-F and mCeacam1ab-R and with the
hybridization probe mCeacam1ab-P, labeled with the 5�-fluorescein 6-car-
boxyfluorescein (FAM). To quantify the level of expression of mCeacam1a
mRNA specifically, we used a target sequence found within exon 2 of 1a but
not 1b. To amplify 1a and detect the amplified fragments, we used primers
mCeacam1a-F and mCeacam1a-R and hybridization probe mCeacam1a-P
labeled with the 5�-fluorescein FAM. To quantitate the expression of mRNA

encoding both mCeacam1b and chimeric mCeacam1ba but not mCeacam1a,
we used a target sequence in exon 2 of 1b and the chimera, and to amplify 1b
and detect the amplified fragments, we used primers mCeacam1b-F and
mCeacam1b-R and hybridization probe mCeacam1b-P, labeled with the 5�-
fluorescein FAM. These fragments were amplified under the following con-
ditions: 95°C for 5 min and 45 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C
for 1 s). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
also quantified by using the TaqMan rodent GAPDH control reagent VIC
probe (Applied Biosystems, CA) as an internal control for RNA quality.

Western blot analysis of mCEACAM1 glycoproteins. To detect the sizes
and relative amounts of mCEACAM1a, mCEACAM1b, and chimeric
mCEACAM1ba that were expressed in various tissues of homozygous male mice,
tissues were taken from 6- to 8-week-old male B6, SJL, and cB61ba mice;
snap-frozen; and stored at �80°C. Tissues were homogenized on ice with glass
homogenizers in lysis buffer (0.65% NP-40 in phosphate-buffered saline [PBS])
containing Complete protease inhibitor (Roche Diagnostics). After centrifuga-
tion at 3,000 rpm for 5 min at 4°C, the supernatant was used as the total cell
protein sample. The protein concentrations of the samples were determined by
using a BCA protein assay kit (Pierce, IL). Next, 10 �g of total protein from the
liver and spleen and 5 �g of total protein from the ileum of the three genotypes
of mice were separated by SDS–10% polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto Clear Blot Membrane-p (Atta, Tokyo, Japan). The
expression of both the mCEACAM1a and mCEACAM1b proteins was detected
with polyclonal rabbit anti-mCEACAM1-specific antibody 655, while 1a but not

restriction digestion. a to e correspond to fragments a to e depicted in A. (a) PCR fragments amplified with primers 104F and 431R that correspond
to conserved sequences of 1a and 1b were digested with 1a-specific ApoI and 1b-specific HaeIII. (b) The 2.1-kb 5� border region in the replaced
1baneo allele was PCR amplified by using a primer 5� upstream of the targeting construct (�997F) and a 1b-specific primer (239R). (c) The 6.4-kb
border region in the replaced 1baneo allele was amplified by nested PCR by using plasmid vector-specific primers and primers downstream of the
3� end of the targeting construct (BS1F and 2204F for first-round PCR and BS2F and 2134R for second-round PCR). (d) To confirm the deletion
of the loxP-neo-loxP cassette in the 1ba allele resulting from Cre treatment, an approximately 300-bp neo gene-specific DNA fragment was PCR
amplified with primers (neoF and neoR). (e) The 4.7-kb DNA fragment from exons 2 to 3 containing the loxP-neo-loxP cassette in the recombinant
1baneo allele was altered in the 1ba allele by the removal of the loxP-neo-loxP cassette via the Cre-loxP system to yield the 2.2-kb fragment. PCR
was done with a pair of primers (104F and 579R).

TABLE 1. Primers and probes used in this study

Primer or probe Sequence (5�33�)a Positions in GenBank
accession no. or vectorb

5�F CTCCGGTACCCTGGATGACCAACGAAAGAATAC 1479–1501 in AF287911
5�R ATGAAATCGCACAGTCGCCTGAGTA 3574–3550 in AF287911
65F CCTCACTTTTAGCCTCCTGGAG 134–155 in M77196
84R CCAGGAGGCTAAAAGTGAGG 153–134 in M77196
104F GAAGTCACCATTGAGGCTGT 172–191 in M77196
239R ACAATTTCAGCGTTTGTAGACACA 256–233 in M96934
431R ATGAAATCGCACAGTCGCCT 486–467 in M77196
579R GGCTTTCACCATTTCTGCTC 628–609 in M77196
2134R GGCAGAAGAGACATAGGTGGG 10267–10247 in AF287911
2204R GACATGGTTGCCCCAGAGACC 10337–10317 in AF287911
�997F GGCGAAAGCTCACAGTCAAC 1331–1350 in AF287911
5intF ATTTTGCTGGCTTTACTAATTTAGT 11498–11522 in AF287911
5intR CTCAATAGTTATATGCTAGCAGCTG 11979–11955 in AF287911
BS1F TTAGGTCCCTCGAAGAGGTTC 259–279 in pBS246
BS2F CACTAGTACTGGCCATTGCGGC 279–299 in pBS246
neoF GGAGAGGCTATTCGGCTATGAC 656–677 in pPNT
neoR TACTTTCTCGGCAGGAGCAAGG 947–926 in pPNT
mMCEACAM1ab-P AGAAGGTGACAGGCTGA 633–649 in M77196
mMCEACAM1ab-F TGGAGCAGAAATGGTGAAAGC 607–627 in M77196
mMCEACAM1ab-R GAGTCCTGTTGCCCTCAGACA 673–653 in M77196
mMCEACAM1a-P CAGCAATGGATCCC 375–388 in M77196
mMCEACAM1a-F GCATACAGCGGCAGAGAGATAA 349–370 in M77196
mMCEACAM1a-R CCTTCATGGTGATCATTTGGAA 415–394 in M77196
mMCEACAM1b-P ACAGGCACTAATAAGAC 267–283 in M96934
mMCEACAM1b-F GTCTACAAACGCTGAAATTGTACATTTT 236–263 in M96934
mMCEACAM1b-R TGTGTGCAGGCCCTGTTG 303–286 in M96934

a The restriction site is underlined.
b Position according to the sequence of the GenBank accession no. or vector.
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1b or 1ba was detected with mouse anti-mCEACAM1a-specific monoclonal
antibody (MAb) CC1 (11, 39, 49). The membranes were subsequently reacted
with anti-rabbit mouse or anti-mouse rabbit immunoglobulin G (IgG) antibody
labeled with horseradish peroxidase, respectively. The immune complexes were
visualized by using an ECL Plus Western blotting detection system (GE Health-
care) with LAS-3000 (Fujifilm, Tokyo, Japan). GAPDH detected with anti-
GAPDH-specific mouse MAb (Imgenex, CA) was used as an internal control.

Immunohistochemical detection of mCEACAM1 proteins in tissues. To visu-
alize the mCEACAM1a, mCEACAM1b, and chimeric mCEACAM1ba proteins
expressed in tissues of mice, the liver and ileum collected from 6- to 8-week-old
male wild-type B6, SJL, and cB61ba mice were fixed in 10% neutral buffered
formalin (pH 7.4) or 4% paraformaldehyde and subjected to routine histological
examination. Formalin-fixed tissues were paraffin embedded and used to detect
the expression of mCEACAM1 (1a, 1b, and chimeric 1ba) with polyclonal rabbit
anti-mCEACAM1-specific antibody 655, while paraformaldehyde-fixed tissues
were used to detect mCEACAM1a with anti-1a-specific MAb CC1 with strepta-
vidin-biotin complex methods (Dako, Glostrup) according to the manufacturer’s
instructions (12, 48).

Propagation and plaque assay of MHV-A59. To analyze the differences in the
susceptibilities of different mouse strains to MHV-A59 versus neurotropic
MHV-JHM, we previously used intracerebral inoculation (30). Envelopes of
MHV-JHM virions contain both the spike (S) protein, which binds to
CEACAM1 proteins, as well as the hemagglutinin-esterase (HE) protein,
which binds to oligosaccharide moieties on the cell surface, while MHV-A59
envelopes contain only the S protein (38). In addition, MHV-JHM can infect
the brains of mCeacam1a-knockout mice (25) in a receptor-independent
manner, while MHV-A59 cannot. Therefore, in the present study, we ana-
lyzed mouse strain differences in MHV susceptibility by intraperitoneal (i.p.)
inoculation with MHV-A59. MHV-A59 was propagated in DBT cells as
previously described for MHV-JHM (45). Aliquots of the virus were stored at
�80°C until use. Viral infectivity in cell cultures or murine tissues was
determined by using a previously described plaque assay with delayed brain
tumor (DBT) cells in 24-well plates (Becton Dickinson, NJ) (43, 45). Liver,
spleen, brain, and blood collected from MHV-A59-inoculated male mice
homozygous for different mCEACAM1 alleles were snap-frozen on dry ice,
homogenized in PBS (pH 7.2) to make a 10% (wt/vol) homogenate, and
centrifuged at 3,000 rpm at 4°C for 10 min. The supernatants were collected
and used for virus titration.

Virus inoculation of mice. To determine the 50% lethal dose (LD50) of MHV-
A59 in B6 and SJL mice versus cB61ba mice, we inoculated homozygous 6- to
8-week-old male mice i.p. with 100 �l of 10-fold serial dilutions of virus contain-
ing 105 to 102 PFU. Animals were checked daily for mortality for 2 weeks after
virus inoculation. The LD50 was calculated by the method of Reed and Muench
(33). To detect the multiplication of virus in mice, we sacrificed animals inocu-
lated i.p. with 105 PFU on days 2, 4, 7, and 10 postinfection (p.i.). Tissues were
homogenized, and the titers of infectious virus were determined by plaque assay
as described above. These tissue homogenates were also utilized to determine
the levels of viral mRNAs plus viral genomic RNA by real-time quantitative PCR
(qPCR), as described below.

Real-time qPCR analysis of levels of viral RNA expressed in mouse tissues.
We mixed 200 �l of the supernatants of the 10% tissue homogenate obtained as
described above with 1 ml Isogen (Nippon Gene) and extracted total RNA
according to the manufacturer’s instructions. Real-time reverse transcription-
qPCR was performed to quantitate the relative amounts of viral mRNA and
genomic RNA by using 500 ng of total RNA and LightCycler RNA master mix
(Roche Diagnostics) as previously described (47).

Quantitation of antivirus antibody in virus-inoculated mice. Chimeric cB61ba
and SJL mice inoculated i.p. with 105 PFU of MHV-A59 were euthanized on day
10 or 14, and their sera were collected. The relative levels of murine anti-MHV
antibody in the mouse sera were assayed by using an enzyme-linked immunosor-
bent assay (ELISA) as reported previously (26, 51), with a lysate of MHV-JHM-
infected DBT cells as an immobilized antigen.

Histopathology and immunohistochemistry. B6, SJL, and cB61ba mice inoc-
ulated i.p. with 105 PFU of MHV-A59 were euthanized on day 2 or 4 after
inoculation. The livers and other tissues were removed, fixed in 10% neutral
buffered formalin (pH 7.4), and subjected to routine pathological examination.
To detect virus antigens, we used polyclonal rabbit anti-MHV-JHM serum with
a streptavidin-biotin complex (Dako) according to the manufacturer’s instruc-
tions.

Preparation of PMs. Peritoneal macrophages (PMs) were cultured as de-
scribed previously by Taguchi et al. (42), with a slight modification. Briefly,
8-week-old male mice homozygous for either mCeacam1a (B6), mCeacam1b
(SJL), or chimeric mCeacam1ba (cB61ba) were inoculated i.p. with 2 ml of sterile

thioglycolate medium (Millipore, Billerica, MA). Four days later, the mice were
euthanized, and 6 to 8 ml of chilled PBS (pH 7.2) containing kanamycin (100
�g/ml) and heparin (5 units/ml) was then injected into the peritoneal cavity.
After massaging the abdomen, we withdrew peritoneal exudates, which were
centrifuged at 1,000 rpm for 5 min at 4°C. The cells were resuspended in 0.2%
NaCl and incubated for 2 min on ice to induce hemolysis. An equal volume of
1.6% NaCl was immediately added to make the suspension isotonic. After three
washes with PBS, cells were cultured in Dulbecco’s minimal essential medium
(DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS) (Tissue
Culture Biologicals, Los Alamitos, CA) at 37°C for 1 h. Nonadherent cells were
then removed, and adherent cells were subsequently cultured for 1 day. The
levels of mCeacam1a, mCeacam1b, or chimeric mCeacam1ba mRNA expression
were determined by quantitative reverse transcription-PCR (qRT-PCR), and the
susceptibility of the PMs to MHV-A59 infection was determined 1 day after
plating of the PMs.

MHV-A59 susceptibility of peritoneal macrophages. To quantitatively com-
pare the MHV-A59 susceptibilities of PMs from different mouse strains, PMs
were inoculated with MHV-A59 at a multiplicity of infection (MOI) of 1 and
incubated for 1 h at 37°C. After three washes, the cells were further cultured for
12 h and 24 h. Infectious virus in culture supernatants was titrated by plaque
assay, as described above. PMs were then fixed with acetone-methanol (1:1) for
2 min at room temperature, and intracellular viral antigens were detected by
immunofluorescence assay (IFA) as described below.

Expression of the mCEACAM1b protein in BHK cell. BHK cells grown on
24-well plates were transfected with the expression plasmid pKS336 (35), encod-
ing the four domains with short-tail isoforms of mCEACAM1b or chimeric
mCEACAM1ba, by using FuGENE 6 reagent (Roche Diagnostics) according to
the manufacturer’s instructions. To compare the levels of expression of the
mCEACAM1 proteins in transiently transfected cells, we lysed the cells with 200
�l/well of 1� SDS sample buffer (125 mM Tris-HCl [pH 6.8], 2.5% 2-mercap-
toethanol, 2.5% SDS, 10% sucrose, 0.004% bromophenol blue) at 34 h post-
transfection and compared the levels of the mCEACAM1 proteins by Western
blotting, for which we used rabbit anti-mCEACAM1 polyclonal antibody 665 as
described above. To analyze the virus receptor activities of the mCEACAM1
proteins, we cultured the cells for 34 h after transfection with plasmids and then
inoculated them with MHV-A59 at an MOI of 1 for 1 h at 37°C. After three
washes, the cells were further cultured for 12 h and 24 h. The infectious virus in
the supernatant medium was then collected and titrated by a plaque assay, and
the cells were fixed with acetone-methanol (1:1) for 2 min. The expression of
intracellular viral antigens was detected by an indirect IFA.

Indirect IFA. To detect intracellular viral antigens, cells inoculated with MHV-
A59 were washed three times with PBS, fixed as described above, and incubated
with polyclonal rabbit anti-MHV-JHM serum for 1 h at room temperature. After
three washes with PBS, the cells were further incubated with fluorescein isothio-
cyanate-conjugated anti-rabbit IgG (Zymed Laboratories, CA).

RESULTS

Generation of chimeric mCeacam1ba mice. To generate B6
mice expressing 1b, we replaced the gene segment encoding
amino acids 1 to 70 in the N domain of 1a of wild-type B6 mice
(1a/1a) with that of 1b of SJL mice (1b/1b) (Fig. 1A). The
MHV receptor function in CEACAM1 proteins resides in this
region of the N domain (32, 48). The targeting plasmid was
transfected into the ES cell line M12, derived from B6 mice
(19), and neomycin-resistant cell clones were selected. Recom-
binant G418-resistant ES cell clones were identified by South-
ern blot analysis. The 9.2-kb recombinant mCeacam1-specific
EcoRI fragment and the 11.5-kb wild-type allele-specific EcoRI
fragment were present in recombinant ES cells (Fig. 1A and
B). Four independent ES cell clones carrying the expected
recombination event were injected into BALB/c blastocysts
and implanted into the uteri of ICR mice. Hair-color-chimeric
mice born after implantation were mated with B6 mice (1a/1a),
and the mCeacam1 genotypes of the resulting progeny mice
were examined by PCR to select mice with a 1baneo genotype
(Fig. 1Ca). Out of a total 815 hair-color-chimeric mice ob-
tained, female 2 exhibited the 1baneo genotype. To generate
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heterozygous 1baneo mice, one of these two chimeras was
mated with B6 (1a/1a) mice, and F1 progeny were genotyped
by PCR and restriction digestion by mCeacam1a-specific ApoI
and mCeacam1b-specific HaeIII to detect heterozygotes with
both the 1a and 1baneo genes. The heterozygous mice were
intercrossed to generate homozygous 1baneo/1baneo mice
(Fig. 1Ca). To remove the loxP-neo-loxP cassette in intron 2,
the 1baneo/1abneo mice were crossed with B6 background
EIIA-Cre mice that express Cre recombinase (37). The result-
ing heterozygous 1a/1ba mice were intercrossed to generate
homozygous 1ba/1ba mice, for which the genotype was identi-
fied by PCR and restriction digestion (Fig. 1Ca). Those re-
placement events were confirmed by PCR analysis to detect
both the 5� and 3� border regions of the recombination site.
The 2.1-kb 5� recombination-specific fragment was detected in
1a/1baneo, 1baneo/1baneo, and 1ba/1ba mice but was not found
in 1a/1a mice (Fig. 1Cb). The 6.4-kb 3� recombination-specific
fragment was present in 1a/1baneo, 1baneo/1baneo, and 1ba/
1ba mice but was not found in 1a/1a mice (Fig. 1Cc). To
confirm the deletion of the loxP-neo-loxP cassette, we per-
formed PCR to detect the fragments of the neo gene and the
loxP-neo-loxP cassette. An approximately 300-bp, neo-specific
fragment, present in 1baneo/1baneo, was not detected in 1ba/
1ba (Fig. 1Cd). The 4.7-kb fragment from exons 2 to 3 con-
taining the loxP-neo-loxP cassette found in 1baneo/1baneo mice
was not present in homozygous 1ba/1ba mice, which instead
had a 2.2-kb fragment due to the removal of the loxP-neo-loxP
cassette (Fig. 1Ce). The replacement event was also confirmed
by sequencing of the mCeacam1 cDNA synthesized from
mRNA extracted from the liver of 1ba/1ba mice.

General health states of the progeny. The mice with the
1ba/1ba genotype (cB61ba) were viable and healthy under
pathogen-free conditions. We have maintained a colony of
these mice for 5 years and have not noticed any reduction in
fertility, bone or cartilage abnormalities, tumors, or abnormal
behavior.

Expression of the 1b protein in gene-replaced cB61ba mice.
We have examined the levels of mRNA to mCeacam1, 1a or
1b, independently, with real-time PCR using mRNA-specific
primers in cB61ba, B6, and SJL mouse tissues. As shown in
Fig. 2, comparable levels of mRNA to mCeacam1 were de-
tected in various organs of cB61ba, B6, and SJL mice, and

there was no significant difference in the levels of expression of
mCeacam1 mRNAs among those three strains of mice. With
primers specific for the region of the mCeacam1a allele
encoding aa 1 to 70, mRNA was detected only in the organs
of B6 but not cB61ba or SJL mice (Fig. 2). As expected,
PCR with primers specific for the corresponding region of
the mCeacam1b allele detected mRNA only in cB61ba and
SJL mouse organs and not in B6 organs (Fig. 2).

We also examined the levels of the mCEACAM1ba protein
expressed in homozygous cB61ba mice and compared them
with the levels of expression of mCEACAM1a in B6 mice and
mCEACAM1b in SJL mice (Fig. 3). The mouse mCeacam1
gene produces four major splice variants of mRNA that en-
code either four or two Ig domains that are linked through a
TM domain to either a short or a long cytoplasmic domain
(Cy), producing four isoforms of mCEACAM1 proteins (22,
28). The four-domain mCEACAM1 isoforms were suggested
to be the principal MHV receptors in vivo (4). In the livers of
B6, cB61ba, and SJL mice, Western blotting showed the ex-
pression of the 100- to 120-kDa mCEACAM1 proteins con-
taining four Ig domains. The expression level of the four-Ig
isoforms of 1a in B6 mouse liver was apparently higher than
that of four-Ig isoforms of 1ba or 1b in livers of cB61ba or SJL
mice. However, there was no significant difference between the
levels of four-Ig 1ba protein compared to those of the 1b
protein expressed in livers of cB61ba and SJL mice (Fig. 3Aa).
The 50- to 60-kDa isoforms of mCEACAM1 with two Ig-like
domains were marginally detectable in extracts of B6 mouse
livers and were not detected in livers of cB61ba or SJL mice
(Fig. 3Aa). Clearly, cB61ba mice expressed the 1ba protein but
not 1a, because mCEACAM1 of cB61ba reacted with antibody
that recognized both 1a and 1b but did not react with 1a-
specific antibody, as shown in Fig. 3Ab. In the spleen, B6 mice
apparently expressed larger amounts of the 1a protein than
cB61ba and SJL mice expressed the 1b protein (Fig. 3Ac).
These findings were similar to those seen for the expression
pattern in the liver (Fig. 3Aa). However, there was no striking
difference in the levels of 1b expressed in spleens of cB61ba
and SJL mice (Fig. 3Ac). In contrast, similar levels of the
mCEACAM1 1a, 1b, and 1ba proteins were expressed in the
intestine (ileum) of B6, SJL, and cB61ba mice, respectively
(Fig. 3Ac). These results collectively indicated that gene-re-

FIG. 2. Expression of mCeacam1 mRNA in the liver, ileum, spleen, and brain in homozygous gene-replaced B6 (1a/1a), SJL (1b/1b), and
cB61ba (1ba/1ba) mice. cDNA was synthesized from the RNA isolated from these tissues of four mice in each mouse strain by using Isogen, as
described in Materials and Methods, and subjected to real-time qPCR to detect both 1a and 1b (1a � 1b), only 1a (1a-specific), or only 1b
(1b-specific). Regions detected by qPCR are indicated by fine black lines in Fig. 1Ab. qPCR of GAPDH cDNA was used as an internal control.
Error bars represent the standard deviations of the results from four independent samples.
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placed cB61ba mice expressed the chimeric 1ba protein, but
not 1a, at the same level as that of the 1b protein expressed in
SJL mice. Low levels of expression of 1b in the liver and spleen
of cB61ba and SJL mice, compared with that of 1a in B6 mice,
might be attributable to an instability of 1b-specific mRNA in
those organs, but not in the intestine, since comparable levels
of Ceacam1 mRNA were detected in each organ of all three
strains of mice.

We have also examined the expression patterns of
mCEACAM1 proteins in a variety of organs by immunohisto-
chemistry. As shown in Fig. 3B, mCEACAM1 proteins were
localized similarly in the liver in bile canaliculi and at cell-cell
contacts and on the apical membranes of epithelial cells in the
ileum of cB61ba, B6, and SJL mice. Because mCEACAM1

proteins of cB61ba and SJL mice were detected by a polyclonal
antibody that detects both mCEACAM1a and mCEACAM1b
but not by 1a-specific monoclonal antibody CC1, these two
mouse strains expressed a 1b epitope(s) in domain 1.

Susceptibility of gene-replaced chimeric B61ba mice. To see
the differences in the susceptibilities of different mouse strains
to MHV, we previously inoculated neurotropic MHV-JHM
intracerebrally (30). In the present study, we investigated the
susceptibilities of different mouse strains to intraperitoneal
infection with hepatotropic MHV-A59. MHV-A59 was previ-
ously utilized to examine mouse strain differences in sus-
ceptibility to MHV infection (42). To study the effect of
mCEACAM1 alleles on susceptibility to MHV-A59, we com-
pared the LD50 values of MHV-A59 in B6 (1a/1a), SJL(1b/1b),

FIG. 3. Expression of mCEACAM1 proteins in the liver, spleen, and ileum of homozygous wild-type B6 (1a/1a), SJL (1b/1b), and cB61ba
(1ba/1ba) mice. (A) Proteins were extracted from these tissues from two mice of each strain, as described in Materials and Methods, and analyzed
for 1a and 1b by Western blotting. (a and c) To detect both 1a and 1b mCEACAM1 proteins, we used rabbit polyclonal antibody 655 against
mCEACAM1a. (b) To detect mCEACAM1a only, MAb CC1, which is specific for 1a, was used. GAPDH was used as a loading control. (B) The
expression of mCEACAM1 proteins in murine tissues was studied by immunohistochemistry with polyclonal goat antibody that detects both
mCEACAM1a and mCEACAM1b and with MAb CC1, which detects only mCEACAM1a. mCEACAM1 proteins were expressed in bile canaliculi
and cell contacts in the liver and on apical surfaces of intestinal epithelia. In the ileum of cB61ba mice, the chimeric mCEACAM1ba protein
localized by polyclonal antibody was similar to that found in wild-type B6 and SJL mice. Bar, 100 �m. Magnifications, �200 (liver) and �100
(ileum).
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and cB61ba (1ba/1ba) mice inoculated i.p. with 10-fold serial
dilutions of virus, from 102 to 105 PFU/100 �l, and recorded
mortality daily for 2 weeks after virus inoculation. As shown in
Fig. 4, all SJL and cB61ba mice, with 1b/1b and 1ba/1ba geno-
types, respectively, survived for more than 2 weeks, even after
inoculation with 105 PFU, while B6 mice with the 1a/1a geno-
type died by 5 to 10 days postinfection after inoculation with
more than 102 PFU. The LD50 calculated by the method of
Reed and Muench for B6 mice was 102.5 PFU, while that for
cB61ba and SJL mice was more than 105 PFU. These results
showed that cB61ba mice were as resistant to MHV as SJL
mice and led us to suggest that the mouse strain differences in
MHV susceptibility are determined by the 1a and 1b alleles.

Virus growth and antibody production in cB61b/1a mice. We
then assayed virus replication in the major target organs of
chimeric B61ba mice compared to B6 and SJL mice. Mice were
inoculated i.p. with 105 PFU of MHV-A59, and virus titers in
the liver, spleen, brain, and blood were determined at intervals
after inoculation. Two different methods were employed to

quantify virus replication: a plaque assay to determine the
infectious-virus titers and real-time PCR to monitor the level
of MHV-specific mRNA. As shown in Fig. 5A, high titers of
MHV-A59 were found in the livers of B6 mice as early as day
2, and these titers increased on day 4. In B6 mice, infectious
virus was also detected on days 2 and 4 in spleen and blood and
on day 4 in brain. In contrast, no infectious virus was detected
in any organs of cB61ba mice throughout the experimental
period, while virus replication was detected in SJL mice in all
organs except for the brain although at much lower titers than
in B6 mouse organs. Real-time PCR showed similar results,
with high and moderate levels of viral mRNA and genomic
RNA in B6 and SJL mouse organs but no viral RNA in cB61ba
mice (Fig. 5B). These results demonstrated that cB61ba mice
were more profoundly resistant to infection with MHV-A59
than SJL mice, even though these two mouse strains had sim-
ilar LD50 values.

Since no virus replication was detected in cB61ba mice, we
inoculated 105 PFU of MHV-A59 into cB61ba and SJL mice

FIG. 4. Susceptibility of cB61ba, wild-type B6, and SJL mice to death from MHV-A59. MHV-A59, from 102, 103, 104, and 105 PFU/100 �l, was
inoculated i.p. into seven to eight mice in each group, and mortality was checked daily for 2 weeks after virus inoculation.

FIG. 5. Virus growth and viral mRNA in B6, SJL, and cB61ba mice. Mice were inoculated i.p. with MHV-A59 (105 PFU/100 �l), and tissues
shown were collected on days 2, 4, and 7. Virus titers (A) and the relative levels of viral mRNA and genomic RNA (B) in those tissues were
measured by plaque assay and real-time PCR, respectively. All B6 mice died 5 to 7 days after virus inoculation. Error bars represent standard
deviations of the results from four independent samples.
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and tested their sera for the development of antiviral antibod-
ies. Under certain conditions, virus infection was confirmed by
the presence of antibody, even if no infectious virus was de-
tected in the target organs of MHV. As shown in Table 2, by 10
days after infection, all SJL mice had developed antibodies to
MHV-A59, while by day 14, none of the cB61ba mice had
developed any antiviral antibody. These results suggested that
cB61ba mice did not permit MHV-A59 replication and were
fully resistant to MHV-A59 infection.

Histopathology and immunohistochemistry. In B6 mice on
days 2 and 4 after inoculation with 105 PFU of MHV-A59, the
liver contained multiple foci of necrosis and infiltration of
inflammatory cells. Abundant viral antigens were observed in
liver lesions. In contrast, at day 2, the livers of SJL mice
appeared mostly normal, with rare, tiny foci that consisted of a
few degenerating hepatocytes expressing viral antigens and
inflammatory cells (Fig. 6). However, in cB61ba mice, no his-
tological changes and no viral antigens were detected in the
liver or other organs throughout the experimental period.
These observations are consistent with the results of virus
replication in the three different mouse strains, showing that
cB61ba mice are fully resistant to MHV infection.

MHV-A59 susceptibility of peritoneal macrophages from
gene-replaced cB61ba mice. It is generally accepted that mouse
susceptibility to MHV is reflected by the susceptibility of mac-
rophages from the peritoneal cavity to MHV infection (2, 40,
42). Therefore, we compared the MHV susceptibilities of PMs
isolated from B6, cB61ba, and SJL mice as described in Ma-
terials and Methods. MHV-A59 replicated very efficiently in
macrophages derived from B6 (1a/1a) mice, slightly less effi-
ciently in those from SJL (1b/1b) mice, but not at all in mac-
rophages from cB61ba (1ba/1ba) mice, as revealed by virus
yield (Fig. 7a). MHV-A59 induced the formation of large
syncytia in PMs from B6 mice and tiny syncytia in PMs from
SJL mice. No syncytium formation or viral antigens were
seen in PMs from cB61ba mice (Fig. 7b). The amounts of
mCEACAM1 mRNAs in PMs were not significantly differ-
ent among the three mouse lines as shown by real-time PCR
(Fig. 7c). These results indicated that the profound resis-
tance of cB61ba mice to MHV-A59 infection in vivo is also
detectable in macrophages isolated from these animals.

MHV receptor activity of recombinant chimeric
mCEACAM1ba proteins in transfected hamster cells. Since
cB61ba mice expressing chimeric 1ba did not permit virus
replication in target organs or PMs, we examined whether the
chimeric mCEACAM1ba protein transiently expressed in
hamster cells is a functional MHV-A59 receptor. We and oth-
ers have previously shown that BHK cells expressing recombi-

nant mCEACAM1b proteins with four Ig domains have MHV
receptor activities, although they were 10- to 30-fold lower
than those of mCEACAM1a (11, 31, 32). Before engineering
mice to express the mCeacam1ba gene, we confirmed that the
chimeric mCEACAM1ba protein transiently expressed in
BHK cells from a plasmid had MHV receptor activity similar
to that of mCEACAM1b, as previously reported (48). To see
whether the chimeric mCEACAM1ba protein had MHV-A59
receptor activity when transiently expressed in transfected
hamster cells, we cloned the cDNAs of 1b from SJL liver and
chimeric 1ba from cB61ba liver, expressed the mCEACAM1b
or mCEACAM1ba protein in BHK cells, and examined sus-
ceptibility to MHV-A59 infection as described in Materials
and Methods. BHK cells expressing either recombinant
mCEACAM1b or chimeric mCEACAM1ba showed almost
equal MHV-A59 receptor activities (Fig. 8a and b). The
slightly higher MHV receptor activity of recombinant chimeric
1ba than that of 1b (Fig. 8a) could be due to the slightly higher
level of expression of 1ba than that of chimeric 1b in these
cells, as shown in Fig. 8c. These results are in good agreement
with previously reported data showing that the MHV-A59-
binding activity of this chimeric mCEACAM1ba receptor pro-
tein was not significantly different from that of mCEACAM1b
(48).

DISCUSSION

In the present study, we analyzed whether or not different
alleles of the mCeacam1 gene are responsible for the suscep-
tibility and resistance of mice to MHV infection. We estab-
lished B6 mice in which part of the N-terminal domain of the
mCeacam1a gene was replaced by mCeacam1b derived from
SJL mice by genetic engineering technology. Genotyping of
these mice indicated that the 1a gene of B6 was successfully
replaced with a chimeric 1ba gene. Gene-replaced B61ba mice
expressed the chimeric mCEACAM1ba protein to the same
level as that of mCEACAM1b expressed in SJL (1b/1b) mice,
and its distribution in organs was the same as that in SJL mice.
Homozygous cB61ba (1ba/1ba) mice did not show any gross
abnormalities by visual inspection, were as healthy as B6 (1a/
1a) mice, and had a similar life span. These findings led us to

FIG. 6. Immunohistochemical studies of representative viral liver
lesions in B6, SJL, and cB61ba mice on day 2 after i.p. inoculation with
MHV-A59 (105 PFU). A large focus of necrosis and inflammation and
abundant viral antigens were observed in livers of wild-type B6 mice. A
tiny focal lesion containing viral antigens (arrow) was detected in SJL
liver. No histological changes or viral antigens were detected in the
organs of MHV-A59-inoculated cB61ba mice. Antigens were detected
with polyclonal rabbit anti-MHV serum by using diaminobenzidine for
visualization and counterstaining with hematoxylin. Bar, 200 �m. Mag-
nification, �200.

TABLE 2. Antivirus antibody production in cB61ba and SJL mice
after inoculation with MHV-A59a

Mouse dpi
No. of mice with
antibody/no. of

mice tested

Avg antibody
titer (range)

SJL 10 4/4 450 (200–800)
cB61ba 10 0/4 �50
cB61ba 14 0/4 �50

a Mice were inoculated i.p. with 105 PFU of MHV-A59, and serum antibody
was examined on day 10 or 14 postinfection (dpi) by an ELISA.
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suggest that in cB61ba mice, the chimeric mCEACAM1ba
protein can perform the normal cellular functions of
mCEACAM1a. By using B6 mice, SJL mice, and the geneti-
cally engineered cB61ba mice, we showed that the mCeacam1a
allele was responsible for the high degree of susceptibility of
B6 mice to MHV-A59 infection and that mCeacam1b was not
sufficient to account for the lesser susceptibility of SJL mice,
since cB61ba mice were revealed not to be less susceptible than
SJL mice but fully resistant to MHV-A59 infection.

What is the possible mechanism responsible for the differ-
ences in susceptibility found between SJL and cB61ba mice?
Both of those strains have the 1b/1b genotype in terms of the
virus-binding region of domain 1 of the mCEACAM1 protein,
and both strains express comparable levels of CEACAM1, but
SJL mice permit limited, asymptomatic MHV-A59 infection,
while cB61ba mice are fully resistant to MHV-A59 replication.
There was no apparent difference in MHV-A59 receptor ac-
tivity between the 1b and 1ba proteins that were transiently
expressed at high levels on BHK cells. Thus, it might be pos-
sible to speculate that 1b works as a less functional receptor

in SJL mice, while it does not work at all in B6 mice, even
if the molecule is expressed indistinguishably from that in
SJL mice. However, this possibility would be unlikely, since
mCEACAM1ba is a fully functional protein in genetically
engineered cB61ba mice, which lack any detectable abnor-
malities. mCeacam1-knockout mice on the B6 background
differ from wild-type B6 mice in showing impaired insulin
clearance, abnormal weight gain, and reduced fertility (8).
Insofar as we have determined, there is no significant dif-
ference between cB61ba and B6 mice in insulin clearance,
suggesting that the mCEACAM1ba protein in cB61ba
mice functions in insulin clearance like the wild-type
mCEACAM1a protein (data not shown). Thus, the chimeric
mCEACAM1ba protein is assumed to have less MHV-A59
receptor activity than mCEACAM1a, as revealed with tran-
siently transfected BHK cells. These findings led us to hy-
pothesize that an as-yet-unidentified molecule present in
SJL mice but not in B6 mice might be critical to permit
limited, asymptomatic MHV-A59 replication in mCeacam1b
SJL mice. This hypothesis suggests that MHV resistance

FIG. 7. Susceptibility of PMs of wild-type B6, SJL, and cB61ba mice to MHV-A59 infection. (a) PMs were inoculated with MHV-A59 at an
MOI of 1 and incubated for 12 or 24 h. Virus titers in the culture medium were measured by plaque assay. Error bars represent standard deviations
of the results from three independent samples in one experiment. (b) MHV-A59-inoculated PMs at 24 h after inoculation were fixed with
acetone-methanol, and viral antigens in the cells were detected by IFA with anti-MHV-JHM rabbit polyclonal antibody. (c) To determine the
expression levels of mCEACAM1 mRNA in the PMs 1 day after plating of the cells, cDNA was synthesized from RNA from cultured PMs, and
real-time qPCR was done to detect either a region of mCeacam1 outside domain 1 that is common to both 1a and 1b (1a � 1b) or a region in
domain 1 of Ceacam1b that is specific for 1b as well as 1ba.

FIG. 8. Comparison of MHV-A59 receptor activities of the recombinant mCEACAM1b protein and chimeric mCEACAM1ba protein. BHK
cells were transiently transfected with pKS336 containing cDNAs encoding four domains with short-tail isoforms of mCEACAM1b or chimeric
mCEACAM1ba from cB61ba mice or no insert (empty). (a) The cells were inoculated with MHV-A59 at an MOI of 1 and incubated for 12 or
24 h. Virus titers in the culture were measured by a plaque assay. Error bars represent standard deviations of the results from three independent
samples from one experiment. (b) Those cells were fixed with acetone-methanol, and viral antigens in the cytoplasm were examined by IFA with
anti-MHV rabbit polyclonal antibody. (c) At 34 h posttransfection, cell lysates prepared as described in Materials and Methods were analyzed by
Western blotting using rabbit polyclonal antibody 655, which detects the mCEACAM1a, mCEACAM1b, and mCEACAM1ba proteins. GAPDH
was used as an internal control.
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and/or susceptibility may be governed by several murine
genes. This idea is in good agreement with an initial de-
scription of differences in susceptibility to MHV among
mouse strains. Stohlman and Frelinger previously reported
that two different genes are involved in susceptibility and/or
resistance to MHV infection (41). Others also reported the
involvement of other genes of mice in MHV susceptibility
(1, 9). To see the existence of a hypothetical molecule in SJL
but not in B6 mice, we are currently comparing the levels of
MHV-A59 susceptibility of 1b-expressing B6 cells versus
1b-expressing SJL cells by using embryo fibroblasts.

Alternatively, it is possible that other murine proteins with
weaker MHV receptor activities may be involved in the ob-
served differences in MHV-A59 susceptibility between SJL
and cB61ba mice. Two murine proteins, in addition to
mCEACAM1, have thus far been reported to serve as weak
MHV receptors. One protein is mCEACAM2, and the other is
a murine pregnancy-specific glycoprotein (PSG), both of which
are members of the Ig superfamily (6, 27). CEACAM2 has less
MHV-A59 receptor activity in vitro than mCEACAM1a, and it
is expressed in different organs than mCEACAM1a (27). PSG
works as a functional receptor for some strains of MHV, in-
cluding MHV-A59, but not for certain other strains (6). Al-
though these two murine proteins were shown to be functional
receptors for some MHV strains in cultured cells, it is likely
that these are not functional receptors for MHV-A59 in B6
mice because mCeacam1a-knockout B6 mice are fully resistant
to MHV-A59 infection by the intranasal route, even though
these mice supposedly express the CEACAM2 and PSG pro-
teins (17, 25). However, if alleles or isoforms of these pro-
teins were expressed in SJL mice that were different from
those in B6 mice, it is possible that these proteins in SJL
mice could serve as MHV receptors. Therefore, we analyzed
mCEACAM2 and PSG sequences of SJL and B6 mice. The
predicted amino acid sequence of mCEACAM2 from SJL
mouse liver (GenBank accession no. AB500065) showed
only one amino acid substitution in the signal sequence
compared with that of B6 mouse liver (accession no.
X760875), and this mutation appears unlikely to influence
the virus receptor activity of mCEACAM2 in SJL mice. The
predicted amino acid sequences of PSG from SJL and B6
mice (accession no. AB500066) were identical. Therefore,
those two possible alternative MHV receptors would prob-
ably not explain the differing MHV-A59 susceptibilities of
SJL and cB61ba mice.

It has been well documented that the susceptibility of mice
to MHV was reflected by the susceptibilities of macrophages
isolated from the peritoneal cavity; macrophages from resis-
tant or susceptible mice were resistant or susceptible to MHV
infection, respectively (2, 42, 44). In this study we examined the
susceptibilities of macrophages from B6, SJL, and cB61ba mice
and showed that macrophages from B6 and SJL mice sup-
ported MHV-A59 infection, while those from cB61ba mice
failed to do so. Our macrophage data and the data on the
susceptibilities of these three mouse lines to MHV-A59 are in
good agreement. Thus, peritoneal macrophages are an ideal
tool for the detection of as-yet-unknown factors that may affect
the susceptibility of SJL mice to MHV-A59 infection.

MHV is one of the most prevalent infectious diseases in
laboratory mouse colonies and presumably in wild mouse pop-

ulations as well (18). Although most of the MHV isolates from
mouse colonies are of low virulence or avirulent in immuno-
competent adult mice and are pathogenic only for immunod-
eficient mice, such as suckling or nude mice, some isolates of
these viruses may establish persistent infection even in immu-
nocompetent mice without clinically apparent disease, which
continues for years (18). The resistance of wild mice to lethal
MHV infection would provide a selective advantage in an
adverse environment. Although among inbred laboratory
mouse strains, the mCeacam1b allele is retained in only SJL
mice, we have previously shown that all wild mouse subspecies
distributed throughout the world contain both the mCeacam1a
and mCeacam1b alleles (29). Thus, each murine subspecies is
maintained by susceptible and also less susceptible mouse pop-
ulations. Furthermore, the present study showed that some
mice with 1b/1b could be fully resistant to MHV infection when
those mice have the same genetic background as that of B6
mice. A similar role for an allele of the HIV coreceptor in
mediating resistance to HIV infection was reported previously
(36).

In the present study, we showed that homozygosity for the
mCeacam1a allele is likely responsible for the high suscepti-
bility of most lines of inbred mice to lethal infection with
MHV-A59. In contrast, homozygosity for the mCeacam1b al-
lele in the SJL background does not fully explain why SJL mice
can allow limited virus replication in an asymptomatic, nonle-
thal infection following i.p. inoculation with MHV-A59, since
B6 mice with homozygous mCeacam1ba, functionally equiva-
lent to mCeacam1b, showed no asymptomatic, limited infec-
tion but showed full resistance. We postulate that an as-yet-
unidentified murine gene in SJL mice but not in B6 mice may
account for why SJL mice are susceptible to limited MHV-A59
replication. Accordingly, it would be valuable to identify the
postulated modifying gene in progeny mice obtained by cross-
ing SJL and cB61ba mice and then backcrossing with SJL
versus cB61ba mice. Genetic analysis and the study of the
susceptibility of progeny of each offspring to MHV-A59 repli-
cation will identify the chromosome and locus in the SJL ge-
nome that encode the postulated gene modifying susceptibility
to MHV-A59 infection.
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